A multi-species meta-analysis of published transcriptomic data from models of oocyte competence identified the chromatin remodelling factor ATRX as a putative biomarker of oocyte competence. The objective of the current study was to test the hypothesis that ATRX protein expression by cumulus-oocyte complexes (COCs) reflects their intrinsic quality and developmental potential. In excess of 10,000 bovine COCs were utilised to test our hypothesis. COCs were in vitro matured (IVM) under conditions associated with reduced developmental potential: IVM in the presence or absence of (1) progesterone synthesis inhibitor (Trilostane); (2) nuclear progesterone receptor inhibitor (Aglepristone) or (3) an inducer of DNA damage (Staurosporine). ATRX protein expression and localisation were determined using immunocytochemistry and Western blot analysis. A proportion of COCs matured in the presence or absence of Trilostane was in vitro fertilised and cultured, and subsequent embryo development characteristics were analysed. In addition, ATRX expression was investigated in 40 human germinal vesicle-stage COCs. Our results showed that ATRX is expressed in human and bovine germinal vesicle oocytes and cumulus cells. In bovine, expression decreases after IVM. However, this decline is not observed in COCs matured under sub-optimal conditions. Blastocyst development rate and cell number are decreased, whereas the incidence of abnormal metaphase phase spindle and chromosome alignment are increased, after IVM in the presence of Trilostane (P < 0.05). In conclusion, localisation of ATRX to the cumulus cell nuclei and oocyte chromatin, after IVM, is associated with poor oocyte quality and low developmental potential. Furthermore, ATRX is dynamically regulated in response to progesterone signalling.
Introduction
The ability of an embryo to develop successfully greatly relies on the quality of the oocyte from which it has been generated. Oocytes progressively acquire developmental competence during oogenesis (oocyte growth) and oocyte maturation (Fair 2010) . Currently, it is not possible to accurately predetermine an embryo's ability to provide a viable pregnancy prior to transfer. This remains a major obstacle to overcome in assisted reproduction technology (ART) clinics. Current methods of embryo selection include morphological assessment, metabolomics, time-lapse imaging and preimplantation genetic screening. However, further studies are needed to demonstrate conclusively that these methods yield improved implantation and live birth rates (Bolton et al. 2015) . The identification of oocyte biological markers (biomarkers) indicative of high or low developmental potential would permit enhanced embryo selection techniques and improved clinical outcomes. Furthermore, in order to introduce elective single embryo transfer (eSET) and reduce the number of multiple births, many ART centres have adopted extended embryo culture to blastocyst (Day 5 or Day 6), which subjects the embryo to potential epigenetic modifications and imprinting defects that can have a detrimental effect on the future health of the offspring (Shufaro & Laufer 2013 , Petrussa et al. 2014 , Whitelaw et al. 2014 . A biomarker of oocyte quality would allow for early detection of embryo quality, enabling eSET on Day 3, thus minimising the need for prolonged exposure to in vitro conditions.
In order to facilitate selection of high-quality oocytes, we previously identified potential biomarkers indicative of developmental competence . One such biomarker, ATRX, was associated with decreased oocyte quality in both human and animal (bovine, mouse and monkey) model systems . Importantly, ATRX expression in cumulus cells was also associated with decreased oocyte developmental competence, enabling a potential non-invasive method of detecting oocyte quality i.e. cumulus cell testing. In humans, mutation of the ATRX gene leads to improper methylation of repetitive DNA sequences. In this case, failure to establish the necessary epigenetic modifications Reproduction (2017) 153 671-682 www.reproduction-online.org essential for inactive X chromosome results in genomic and chromosome instability and leads to X-linked α-thalassaemia with mental retardation (ATRX) syndrome (Gibbons et al. 2000) . In the mouse, Atrx has been shown to be involved in developmental silencing of imprinted genes and critical for extraembryonic trophoblast formation and subsequent embryo survival (Kernohan et al. 2010) . Atrx-deficient mice show altered X chromosome inactivation imprinting patterns in the trophoblast (Baumann & De La Fuente 2009) . During meiosis, ATRX is necessary for heterochromatin formation and maintenance of chromosome stability in order to ensure proper assembly of the metaphase II spindle (De La Fuente et al. 2004 . As a chromatin and epigenetic regulator, ATRX may play a role in maintaining genomic integrity within the oocyte. Chromatin remodelling proteins are known to protect genomic integrity by regulating how chromatin structure changes after DNA damage (Lukas et al. 2011) . Also, epigenetic modifications at the chromatin level are thought to preferentially activate the DNA damage checkpoint response and increase DNA repair capacity (Bao et al. 2006 , Murga et al. 2007 . Key events in bovine reproduction, such as gestation length, timing of oocyte and embryo development, number of oocytes ovulated and average numbers of gestations per female, recapitulate human biology. In addition, the bovine model provided the research platform for developing human ART; superovulation, IVP, embryo transfer and freezing are based upon many years of research with bovine embryos. We have previously established a robust in vitro model system of reduced bovine oocyte quality by manipulating progesterone (P4) regulation during the critical developmental phase of oocyte maturation (Aparicio et al. 2011) . Chemical inhibition of P4 synthesis or blocking the progesterone receptors during in vitro bovine oocyte maturation has a negative effect on oocyte quality, leading to reduced embryonic development (Aparicio et al. 2011 , O'Shea et al. 2013 . The importance of this model is that it facilitates oocyte maturation, fertilisation and cleavage indistinguishable from the control, non-treated oocytes, with diminished developmental competence only observed later in embryonic development. This is relevant to the human clinical setting where although oocytes and embryos are morphologically normal and of high grade, a successful pregnancy is not always achieved.
In the present study, we analyse both human and bovine cumulus-oocyte complexes (COCs) in order to determine the expression and localisation of ATRX. Furthermore, we utilised both P4-dependent and -independent (DNA damage) model systems of reduced bovine oocyte quality, to elucidate the regulation of ATRX within the COC and determine its association with developmental competence.
Materials and methods

Bovine oocyte collection
Meiotic and developmental competence is progressively acquired during the final period of oocyte growth within the early antral follicle (Fair et al. 1997) . Growing and fully grown bovine oocytes were collected as described previously . Briefly, bovine ovaries were sliced using a razor blade, followed by flushing with 1X PBS to release the growing oocytes. The COCs were denuded of surrounding cumulus cells by repeated pipetting and washing. Individual oocytes were sized using an inverted microscope with an eyepiece micrometre and separated into two size ranges, 101-100 µm and ≥120 µm, corresponding to actively growing incompetent and fully grown competent oocytes respectively. For all other investigations, fully grown immature COCs were obtained by aspirating follicles from the ovaries of cattle slaughtered at a local abattoir. In excess of 10,000 bovine oocytes were utilised within the present study. Good-quality COCs were selected and washed, and groups of up to 50 COCs were placed in 500 μL maturation medium (TCM-199 supplemented with 10% (v/v) foetal calf serum (FCS) and 10 ng/ mL epidermal growth factor) in a four-well dish and cultured at 39°C for 24 h in a humidified atmosphere containing 5% CO 2 . Depending on the experiment, in vitro maturation (IVM) was performed in the presence or absence of (1) 1 μM progesterone synthesis inhibitor, Trilostane (inhibitor of 3 β-hydroxysteroid dehydrogenase; Stegram Pharmaceuticals Ltd., Surrey, UK) and a matched vehicle control of dimethyl sulfoxide (DMSO) diluted at a final concentration of 0.0001%; (2) 1 μM nuclear progesterone receptor inhibitor, Aglepristone (RU 534/Alizine, which blocks nuclear progesterone receptor (PGR) mediated effects of P4, (Teutsch & Philibert 1994) , C&M Vetlink, Ireland). Aglepristone has a relative binding affinity equal to that of RU486 for the PGR (>9 times greater than that of P4), with negligible affinity for the glucocorticoid receptor (C&M Vetlink Technical Profile) or (3) 0.5 mM Staurosporine (DNA damage and apoptosis inducing agent). The working concentrations for Trilostane and Aglepristone were determined in previously published experiments as the lowest concentration necessary to cause an effect without inducing toxicity (Aparicio et al. 2011 , O'Shea et al. 2013 .
Bovine in vitro fertilisation and in vitro culture
Multiple replicates of in vitro embryo production (IVP) were carried out (a replicate refers to one day of oocyte collection and IVM), as described below, to generate four complete replicates for each of the following analyses: cleavage and blastocyst development at 44 and 192 h after insemination (hpi), timely development and cell number, incidence of polyspermy, mitotic spindle formation and chromosome alignment, symmetry of cell division and number of cells with pyknotic nuclei (dead cells). Matured COCs were washed four times in PBS and then placed in wells containing 250 μL of fertilisation medium. The fertilisation medium consisted of Tyrode medium with 25 mM bicarbonate, 22 mM Na-lactate, 1 mM Na-pyruvate, 6 mg/mL fatty acid-free bovine serum albumin (BSA) and 10 μg/mL heparin-sodium salt (184 U/mg heparin; Calbiochem) per well. Each well was inseminated with frozen-thawed Percollseparated bull sperm (GE Healthcare Bio-sciences) at a concentration of 1 × 10 6 spermatozoa per millilitre. Plates were incubated for 24 h at 39°C under an atmosphere of 5% CO 2 in air with maximum humidity.
At approximately 20 h after insemination, presumptive zygotes were denuded by gentle vortexing and washed three times in PBS and twice in culture medium before being transferred to 500 μL of synthetic oviduct fluid +5% FCS. Dishes were incubated at 39°C under an atmosphere of 5% CO 2 , 5% O 2 and 90% N 2 with maximum humidity. Cleavage rate was recorded on Day 2 (48 h after insemination), the proportion of 8-cell embryos was recorded on Day 3 and the proportion of embryos reaching the blastocyst stage was recorded from Days 6 to 8 (Day 0 = day of in vitro fertilisation). Samples were retrieved from IVP at the following time points: telophase of mitosis (6 hpi 
Human oocyte collection
Forty germinal vesicle oocytes were obtained from 3 individual patients (9, 10 and 21 oocytes retrieved from each patient respectively) having one ovary removed for fertility preservation by cryopreservation, prior to gonadotoxic treatment (Andersen et al. 2012) . Diagnoses for ovarian cryopreservation included cancer forms not related to any endocrine disorder or ovarian disease. The ethical committee of the municipalities of Copenhagen and Frederiksberg (H-2-2011-044) approved the study, and informed consent was obtained from all patients.
Immunoblotting, immunoprecipitation and antibodies
Western blotting
Five replicate pools of 70 bovine COCs were removed from IVM at 0, 6, 12 or 24 h and oocytes were denuded of their cumulus cells by gentle pipetting and repeated washing in PBS. Cumulus cells were recovered for analysis by centrifugation at 3000 g for 3 min. Oocyte and cumulus samples were separately resuspended in lysis buffer (M-PER Mammalian Protein Extraction Reagent; Pierce) supplemented with protease and phosphatase inhibitors (Roche), frozen and thawed three times. Whole oocyte samples were loaded on gels for Western blot analysis (70 oocytes/lane containing 15 mg of protein in a 2-µL volume). Cumulus cell samples are then centrifuged for 15 min at 10,000 g at 4°C, and the supernatant was collected for analysis. 15 mg of cumulus cell protein was loaded per lane. Protein concentrations were determined using the Bradford assay (Bradford 1976) .
Protein samples were separated according to their apparent molecular mass under denaturing conditions on NuPAGE 4-12% Tris-Glycine Gels (Invitrogen) and transferred to a PVDF membrane. After blocking in 5% bovine serum albumin (BSA) in PBS-0.1% Tween20, membranes were incubated with the appropriate primary antibody, followed by incubation with horse radish peroxidase-conjugated secondary antibodies.
Proteins were visualised using enhanced chemiluminescence Western blotting substrate (Pierce; #32106). Densitometry was performed using the ImageJ program (rsbweb.nih.gov/ij/).
Antibodies
Anti-ATRX antibody (Abcam; ab54794), anti-GAPDH antibody (CellSignaling; #3900), anti-pMapk (CellSignaling; #9101), anti-Caspase 3 (BD Pharmingen; #559565), Normal Mouse IgG (Abcam; ab37355) and anti-alpha-Tubulin (Sigma-Aldrich; T6074) were used.
Immunofluorescence of oocytes and embryos
COCs were removed from IVM at 0, 6, 12 or 24 h, oocytes were partially denuded of their cumulus cells by gentle pipetting and repeated washing in PBS. Similarly, fertilised eggs, 2-cell, 8-cell, morulae and blastocyst-stage embryos were retrieved from IVP at 6, 24, 72, 120 and 192 hpi. Samples were washed in Sorensons PBS and fixed in 4% paraformaldehyde for one hour at 4°C. They were subsequently put through a sequential series of washes in PBS containing 1% Triton X100 and 3% BSA (PBSTx), followed by blocking for 2 h at room temperature (RT°C) in PBSTx containing 5% goat serum to avoid nonspecific binding of the antibodies.
COCs were subsequently incubated with ATRX primary antibody at a concentration of 1/500 overnight at 4°C, a matched mouse IgG antibody was used as a negative control. Embryo samples were incubated with alpha-tubulin primary antibody at a concentration of 1/50 overnight at 4°C. After primary antibody incubation, COC and embryos were washed repeatedly in PBSTx (3 × 15 min and one by 1 h, washes), after which, samples were incubated with the secondary antibody (Alexa Fluor 568 goat anti-mouse 1:1000) for 4 h at 4°C. Excess labelling was removed by repeated washing in PBSTx, and COCs/embryos were mounted on a glass slide, immersed in mounting medium containing 40,60-diamidino-2-phenylindole (DAPI; 1 µg/mL) for DNA visualisation and covered with a glass cover slip. Three replicates of 40 oocytes per group were analysed. Four replicates, totalling approximately 40 embryos per time point (Table 1) , were analysed.
Image acquisition and analysis
Immunolabelled oocytes and embryos were analysed using the Olympus FLUOVIEW FV1000 confocal laser scanning microscope equipped with a 40×/NA 1.15 water immersion objective and a 60×/1.35 NA oil immersion objective with zoom function. The fluorochrome was excited using the appropriate combination of excitation and barrier filters and laser lines for DAPI (405 nm) and Alexa Fluor 568 (543 nm). The settings were kept constant during image acquisition of all samples. For COC ATRX expression and localisation analysis, a normal mouse IgG antibody was used as the negative control to establish a pixel intensity that eliminated 99% of the background signal. Background fluorescence was then subtracted by applying this threshold to all images. For embryo analysis, the number of blastomeres was counted in each 
Statistical analysis
The densitometry data from the Western blots were analysed using ANOVA followed by Scheffe's t-test. COC statistical analyses were carried out using GraphPad Prism 6. Embryo cleavage rate, blastocyst development and cell number between treatments were analysed by using the Mixed Procedure in SAS. Logistic regression analysis was conducted to determine the probability of abnormal spindle formation, asymmetrical division, polyspermy and timely development using SAS software. Differences between COC and embryo groups were considered significant when P values were less than 0.05.
Results
Localisation of ATRX protein in human and bovine cumulus-oocyte complexes
ATRX was found to be localised to the nucleus of bovine germinal vesicle (GV) oocytes and to the nuclei of their surrounding cumulus cells (Fig. 1A and Supplementary Figure 1A (please see section on Supplementary data at the end of the article)). This expression and localisation was observed in human oocytes and cumulus cells (Fig. 1B and Supplementary Figure 1B) . Western blot analyses determined bovine oocyte ATRX protein expression to decrease on completion of the oocyte growth phase, i.e., in line with acquisition of developmental competence, with the lowest expression observed in oocytes with a diameter of greater than 120 μm (Fig. 2A) . In addition, ATRX levels where shown to decrease further during IVM of oocytes (Fig. 2B) . ATRX protein expression also decreased in the companion cumulus cells that surrounded the bovine oocytes (Fig. 2C ).
The effect of P4 regulation on ATRX protein expression during bovine oocyte maturation
In contrast to the decreased expression observed in COCs during normal maturation, COCs matured in the presence of Trilostane (P4 synthesis inhibition) displayed high levels of ATRX protein expression throughout maturation in both the oocyte and the companion cumulus cells (Fig. 3A and B and Supplementary Figure 1A ). This profile of ATRX protein expression was paralleled in COCs matured in the presence of Aglepristone (PGR antagonist), with ATRX expression levels maintained throughout IVM in both the oocyte and the cumulus cells ( Fig. 3C and D) .
In addition, although oocytes matured in the presence of both Trilostane and Aglepristone successfully completed maturation and developed a metaphase plate, they displayed high levels of apoptosis, i.e., active Caspase-3 expression (Fig. 3E) .
The effect of P4 regulation on ATRX localisation during bovine oocyte maturation
ATRX was found to be localised to the nucleus of bovine GV (0 h) and GVBD (6 h) oocytes analysed by immunofluorescent whole-mount staining (Fig. 4A) . ATRX expression within the oocyte decreased throughout the maturation process and was not detected in immunostained MI (12-h) and MII (24-h) bovine oocytes. However, ATRX was expressed consistently in the nucleus of oocytes matured in the presence of both Trilostane and Aglepristone, maintaining expression and nuclear localisation at GVBD (6 h), MI (12 h) and MII (24 h). Superscripts of different alphabetic characters indicate significant differences (P < 0.05) between groups, whereas presence of identical characters indicates lack of significant differences.
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The effect of P4 synthesis inhibition on embryonic development
Blastocyst development rate was found to be decreased in Trilostane-treated COCs (21%) compared to that in control-treated COCs (33%) (P < 0.05) (Fig. 4F) , corresponding to our previously published work (Aparicio et al. 2011 , O'Shea et al. 2013 . However, there was no effect on cleavage rates between the control and Trilostane treatment groups (81% and 79% respectively).
Additionally, polyspermy, cell number and asymmetry were counted in all embryos and used as indicators for development ( Fig. 4B and Table 1 ). On Day 8, there was an effect by treatment on cell number comparing control (97.9 ± 3.1) and Trilostane (81.9 ± 3.6) (P < 0.001) (Fig. 4C) . No effect was observed on polyspermy or cell symmetry. At all time points, 6 h, 24 h, Day 3, Day 5 and Day 8, there was a greater occurrence of abnormal metaphase phase spindle and chromosome alignment in Trilostane-treated samples compared to that of control samples (Fig. 4D , E and Table 1) (P < 0.05).
ATRX protein expression and localisation in DNA-damaged oocytes
COCs matured in the presence of Staurosporine (DNA damage inducer via double-strand breaks) displayed increased expression of ATRX protein compared to COCs matured under control conditions. This increase in expression was observed in both oocytes (Fig. 5A ) and the companion cumulus cells (Fig. 5B ). This increase in ATRX protein expression in Staurosporine-treated COCs corresponded to the induction of active caspase-3 expression, as indicated by both Western blot analysis ( Fig. 5A and B) and immunostaining (Fig. 5C ).
Discussion
In the present study, we determined ATRX protein expression and localisation to be conserved between human and bovine immature COCs. In both species, ATRX protein is localised to the chromosomal area of the GV oocyte. Furthermore, ATRX is highly detectable in the cumulus cells, which surround both the human and bovine oocyte, providing a potential non-invasive method to assess the oocyte quality, particularly in the case of single oocyte/embryo IVP systems. Analysis of growing and fully grown bovine oocytes revealed a decrease in ATRX expression on completion of the growth phase, with a further decline after progression through meiotic maturation. The period of antral follicle oocyte growth in cattle is characterised by high levels of transcriptional activity and the establishment of the maternal imprints , 1997 , O'Doherty et al. 2012 . The abundant ATRX expression during the growth phase may reflect its multiple roles and interactions in the regulation of gene expression. For example, ATRX directly binds H3K9me3, which facilitates the recruitment of Daxx and subsequent deposition of the H3.3 histone variant at imprinted differentially methylated regions (DMRs). This ATRX/ Daxx/H3.3 complex acts to maintain silencing at the DMR during transcription (see Voon & Gibbons 2016, for review) .
The bulk of information concerning the function of ATRX in mammalian oocytes has focused on events after the resumption of meiosis. Studies in mice have clearly demonstrated the importance of ATRX during oocyte meiotic maturation through its involvement in chromosome alignment (De La Fuente et al. 2004 , Baumann et al. 2010 . ATRX dysregulation or inhibition is linked to spindle defects, in addition to chromosomal alignment and segregation problems during mitosis and meiosis (Ritchie et al. 2008 , Baumann et al. 2010 ). In the current study, bovine COCs matured in the presence of Trilostane (absence of P4), displayed an increased incidence of spindle abnormalities during embryogenesis. However, in contrast to the functional mouse studies cited previously in which ATRX expression was inhibited or reduced, ATRX expression and localisation to chromatin was increased in both the oocyte and cumulus cells. Similarly, findings of increased pericentromeric ATRX increased spindle abnormalities, and unaligned chromosomes were recently described in mouse oocytes after postovulatory ageing (Trapphoff et al. 2016) . Thus, it would appear that in matured oocytes, increased localisation of ATRX to the chromatin, particularly to the peri-centromere, reflects the activation of a DNA damage response. Indeed, ATRX protein expression appears to be linked to apoptosis within the oocyte and the cumulus cells, as evidenced by our current finding of increased chromatin ATRX accumulation after Staurosporine induction of active Caspase-3 expression in bovine COCs and earlier findings of activation of Caspase-3 expression in COCs matured under conditions blocking P4 synthesis and PGR signalling (O'Shea et al. 2013) .
Here, we determined ATRX to be a marker of poor oocyte quality in both P4 and non-P4-regulated models of reduced bovine oocyte competence. ATRX showed increased protein expression, in both oocytes and cumulus cells after Trilostane and Aglepristone treatment (P4 regulated reduced developmental competence models) during bovine IVM. Therefore, ATRX may play a role in P4 regulation of oocyte quality via the PGRs, particularly in the transcriptionally active cumulus cells. P4 is known to induce gene transcription by signalling through the PGRs. P4 binding causes conformational changes in the PGRs that induces receptor dissociation from the inhibitory chaperone complex. This allows for receptor homodimerisation and binding to specific progesterone response elements (PREs) within the promoter of target genes (Tsai & O'Malley 1994 , Reproduction (2017 Superscripts of different alphabetic characters indicate significant differences (P < 0.05) between groups, whereas the presence of identical characters indicates lack of significant differences. (C) Confocal laser scanning micrographs showing immunofluorescent detection of ATRX and active Caspase-3 in bovine oocytes (3 reps of 30 oocytes per group) during in vitro oocyte maturation under control conditions or in the presence of Staurosporine (DNA damage).
Cheung & Smith 2000). DNA-bound receptors subsequently increase or decrease the rates of gene transcription. In silico analysis of the promoter regions of these genes found ATRX to contain a potential progesterone receptor-binding element consensus sequence (www.genomatix.de). ATRX has previously been identified as being steroid hormone regulated, with ATRX and the androgen receptor been shown to physically interact in the testis and in the Sertoli cell line, TM4 (Bagheri-Fam et al. 2011) . It is currently unknown how the regulation of ATRX corresponds to developmental competence. Greater knowledge of the mechanism by which ATRX is regulated within the cumulus-oocyte complex, including P4 and apoptotic regulation, could lead to improvements in both oocyte selection and oocyte quality. The fact that ATRX is dynamically regulated during P4 synthesis and PGR inhibition may provide a way to pharmacologically improve oocyte culture conditions in vitro.
The results obtained in this study suggest that ATRX could be used to discriminate between growing and fully grown oocytes, between meiotically immature and mature oocytes and between morphologically normal COCs with poor developmental potential and their more competent counterparts. Furthermore, as ATRX expression is detectable in the cumulus cells that surround the oocyte, non-invasive screening could be carried out without risking damage to the oocyte. However, protein expression analysis and quantification involves processing substantial sample material through lengthy methodologies, which is not compatible with clinical IVP routines. Therefore, much work must be carried out to determine ATRX expression cut-off values relative to growth, meiotic maturation and competence and rapid analysis methods need to be developed before ATRX can be used in a clinical setting.
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